The influence of phase noise in a dual-frequency laser phase-shift range finder is theoretically and experimentally investigated. The proposed range finder is based on the use of a coherent dual-frequency laser and direct detection of the backscattered laser. The effects of laser phase noise and noise from an acousto-optic frequency shifter (AOFS) on the dual-frequency laser phase-shift range finder are analyzed. Expressions of the power spectral density and the phase noise of the dual-frequency laser beat note are deduced. In addition, we find that noise from the AOFS has a considerable impact on beat note noise conversion. The theoretical results can be used to estimate the influence of laser phase noise, noise induced by the AOFS and delay length in the dual-frequency laser range finder. An experiment involving the dual-frequency laser range finder is performed on outdoor targets at a distance of 200 m, and the phase jitter observed in the experiment is in good agreement with the model of beat note phase noise.
Introduction
Dual-Frequency lasers have attracted sustained attention during the past 20 years because of their unique physical properties, which have triggered a large number of fundamental studies in the physics of dual-polarization lasers [1] , [2] and beat note locking [3] , [4] and have found applications in a variety of fields: optical microwave generation [5] - [9] , heterodyne interferometry, THz beats [6] , [8] , [9] , and lidar-radar detection [10] - [14] . Lidar-radar based on a dual-frequency laser transmitter is a powerful technique for applications involving remote sensing. The method is based on the use of an optically carried RF signal in order to benefit from both the directivity of the optical beam (lidar), and the accuracy of RF signal processing (radar). Compared with single-optical-frequency lidars, coherent dual-frequency lidar-radars are insensitive to atmospheric turbulence [12] and can overcome the speckle noise induced by target's roughness [10] , [14] .
The Mach-Zehnder delay self-heterodyne interferometer (DSHI) has been studied extensively and employed in various applications, for example in laser phase noise measurement and in optical coherence tomography [15] - [21] . Based on these applications, the phase noise of the DSHI is theoretical investigated in the case of long delay time. In our work, we construct a frequency-shift Mach-Zehnder Interferometer (MZI) to generate a fibered dual-frequency laser source and apply it to range measurement. Therefore, we focus on the beat phase noise under the case that delay length is far shorter than the laser coherent length. The laser phase noise and the noise introduced by the acousto-optic frequency shifter (AOFS) can cause phase jitter in the beat note and thereby affect the measurement accuracy in phase-shift range finder. The effect of laser phase noise has been studied extensively in two-beam interferometers [18] - [21] . Armstrong derived a number of theoretical results for the probability density function and noise power spectrum by considering the out-of-quadrature case for the optical biasing phase. Petermann and Weidel analyzed the phase noise in a Michelson interferometer, and Mohammad obtained the noise power spectral density of interferometric systems by accounting for the frequency modulation (FM) noise, white noise, and source dispersion of a single-mode optical fiber. Different from the previous studies, which deduced only the noise power spectral density of the beat note (not including the carrier signal), this paper provides a clear equation of the beat note power spectral density and the phase spectral density, based on both the laser phase noise and the AOFS noise. In addition, despite previous theoretical models and experimental investigations of noise power spectra in two-beam interferometers, to our knowledge, no theoretical model and experimental evidence of the laser phase noise and AOFS noise in beat note phase jitter conversion in a dual-frequency laser phase-shift range finder have been reported. Based on previous works, this paper presents the relationship between beat note power spectral density, laser phase noise and noise from the AOFS and discusses the influence of each factor on the beat note. In addition, the phase spectral density of the beat note is deduced for the case in which the laser intensity noise is negligible [22] , [23] .
The aim of this paper is to show that the phase noise of the signal which drives the AcoustoOptic Frequency Shifter (AOFS) is the dominant contribution to the phase noise of the beat note at short delay time, and that the theoretical model can effectively guide experiments involving a dual-frequency laser phase-shift range finder. The paper is organized as follows. In Section 2, a theoretical model is proposed, including the power spectral density and phase spectral density of the beat note. The model takes into account different sources of noise, and simulations are performed for different types of laser phase noise, AOFS noise and delay fiber length. In Section 3, we present an experimental demonstration of the dual-frequency laser phase-shift range finder. Furthermore, an experimental study of the distance resolution and a theoretical study of the phase jitter are presented. The experimental studies are performed at a target distance of 200 m. A conclusion and perspective are given in Section 4.
Beat Note Noise Converted From Laser Phase Noise and AOFS Noise
A schematic diagram of the dual-frequency laser is shown in Fig. 1 , with the delay difference between the two arms given by τ = n L/c; here, n is the effective refractive index of the fiber, c is the velocity of light, and L = L 2 − L 1 is the path difference between the two arms. Tn 5 he emitted light of a continuous-wave laser is coupled into a 1 × 2 coupler through a graded-index (GRIN) lens. The laser is passed through a fiber Mach-Zehnder interferometer with a delay fiber in one arm and an AOFS in the other arm. The light from the two arms interferes at the receiver and produces a beat note.
Power Spectral Density
The input optical electric field into the coupler is
where E 0 is the field amplitude, ω is the angular optical frequency, and θ o (t) is the instantaneous phase of the laser and represents the laser phase. Then, the coupler divides the laser into two beams, which can be described as
where ω is the AOFS frequency, ρ is the transmission coefficient of the 1 × 2 coupler, η is the power conversion efficiency of the AOFS, and θ e (t) is the instantaneous phase of the AOFS. The output field E out (t) (see Fig. 1 ) can then be deduced from (2) using
The light intensity detected by the optical detector is proportional to I out (t):
We define θ o (t, τ) as the laser phase difference between the arms. The autocorrelation function R (t) of the interference term I out (t) is
The symbol indicates a time average. According to statistical theory [21] , the random phase jitter of the signal source is a stationary random process, which is subject to the Gauss distribution with zero mean and a variance expressed as σ.
Where τ c and τ e are the coherence times of the laser and AOFS radiofrequency, respectively, τ c = 1/(π v o ), τ e = 1/(π v e ), and v o and v e are the laser linewidth and the AOFS radio-frequency linewidth. Substituting (6) and (7) into (5), we have
The radio-frequency power spectral density is obtained by taking the Fourier transform of the autocorrelation function R (t):
By substituting (8) into (9) and ignoring the ω + ω term, which is introduced by the Fourier transform and corresponds to the negative frequency, the formula can be simplified to obtain (10) .
Spectral Density of Phase Fluctuations
The instantaneous output voltage of a radio-frequency wave can be expressed as
where V 0 is the nominal peak voltage amplitude ε(t) is the deviation from the nominal amplitude ν 0 is the nominal frequency θ(t) is the phase deviation from the nominal phase
When θ is relatively small, sin (θ) can be simplified to θ. The equation can then be reduced to
The first term in the equation is the radio-frequency wave with amplitude noise, and the second term is the phase noise. By ignoring the amplitude noise, the formula can be simplified to
The autocorrelation function
where S v (ν) is the Fourier transform of the autocorrelation function R v (t) and S θ (ν) is the Fourier transform of the autocorrelation function R θ (t). The relationship between S v (ν) and S θ (ν) is
According to the relationship between the power spectral density and the phase spectral density in (15) , the phase spectral density can easily be obtained (the following refers to the phase noise).
Simulations
It is clear from (10) and (15) that the noise of the beat note is influenced by the length of the delay fiber, the laser linewidth and the AOFS noise. The power spectral density (a) and phase noise (b) of the beat note are plotted in Fig. 2 for a laser linewidth of 2 kHz and an AOFS radio frequency of 1 Hz. It is shown that the phase noise of the beat note at 1 MHz increases from −114 dBc/Hz to −105 dBc/Hz and remains at −84 dBc/Hz at 10 kHz as the fiber length increases from 2 m to 7 m.
The power spectral density and phase noise of the beat note are shown in Fig. 3(a) and (b), where the fiber length is set to 1 m and the laser linewidth is 2 kHz, while different AOFS linewidths are considered. In addition, in Fig. 3(c) and (d) , where the fiber length is set to 1 m and the AOFS linewidth is 1 Hz, different laser linewidths are taken into account. As shown in Fig. 3 , the phase noise of the beat note increases as the AOFS linewidth or laser linewidth increases. As the AOFS linewidth increases 100 fold (from 0.1 Hz to 10 Hz), the phase noise of the beat note at 10 kHz increases from −105 dBc/Hz to −60 dBc/Hz (decrease of 45 dB). However, the phase noise of the beat note at 10 kHz remains constant as the laser linewidth increases 100 fold (from 0.2 kHz to 20 kHz). Similar conclusions can be obtained from other frequency points of the beat note phase noise spectrum. Therefore, the linewidth of the AOFS is the most important factor influencing the phase noise of the beat note. In addition, the delay fiber length and the laser linewidth follow the AOFS linewidth as the next most important factors influencing the phase noise of the beat note, in that order. The beat note phase noise is simultaneously influenced by the laser linewidth and the AOFS phase noise. When the optical delay is much shorter than the coherence length of the laser, the laser from the two arms are still highly coherent. The laser phase noise shows little conversion into the beat note phase noise. As a comparison, the signal that drives the AOFS will introduce the phase jitter in one arm and convert to the beat note by heterodyne interference. At low offset frequency, the phase noise from the AOFS is much higher than the laser phase noise. Therefore, the beat note phase noise exhibits highly dependent on AOFS linewidth at low offset frequency, as shown in Fig. 3(b) .
Experiment
Based on the theoretical analysis of our model, an experiment of the dual-frequency laser range finder was conducted. The experimental setup of the dual-frequency laser range finder is shown in Fig. 4 . The single-frequency laser is a fiber laser with a wavelength of 1064 nm, a linewidth of 2 kHz, and a maximum output power of 1 W. An AOFS with a radio-frequency linewidth of 1 Hz is used to shift the beat note at 200 MHz or 200. 6 MHz. An aluminum plate is used as the target, which is attached to an electric translation stage. A single-mode fiber splitter with a splitting ratio of 1:1 and a single-mode fiber combiner with a ratio of 1:1 are used to obtain the dual-frequency laser. To measure the target distance, the backscattered laser is collected with a 4-in-diameter lens. Two high-speed photodetectors with a bandwidth of 3.5 GHz are used to receive the backscatter laser and the reference laser. Next, the electrical signals are sent to an oscilloscope, and the waveforms are saved in a personal computer to calculate the phase shift. The signal processing is performed as follows.
First, the AOFS frequency is set to f 1 (200 MHz); by implementing the method of cross-correlation between the reference and the signal, we obtain the phase shift (θ 1 ). The distance D is determined from the phase shift θ 1 = 2πf 1 t:
where c is the speed of light and t is the time of flight. When θ 1 ≥ 2π, the unambiguous distance is limited to = c 2f 1 (for example, = 0.75 m for f 1 = 200 MHz). To determine the ambiguous distance in the phase-shift range finder, the AOFS frequency is reset to f 2 (200.6 MHz) and the phase shift (θ 2 ) is calculated again. The phase shift is not directly measured at the high frequency f 1 but at the intermediate frequency f rf = (f 1 − f 2 ).The target distance is deduced from the phase shift θ rf = θ 1 − θ 2 :
The final target distance is determined by both the lower frequency f rf and the high frequency f 1 , with the former providing the distance within a wide range and the latter providing a high-resolution measurement. In the following, we will illustrate the relationship between the phase noise and the range resolution in the experiment and the theoretical model.
Phase Noise of the Dual-Frequency Laser Transmitter
To analyze the phase noise of the dual-frequency laser transmitter, the fiber length is selected as 2, 3, 4, 5, 6, and 7 m in sequence. The beat note of the reference laser is acquired by the detectors and then processed using a computer to calculate the phase noise ( Fig. 5(a) ). The power spectral density of the beat note, which is measured for a fiber length of 2 m and an AOFS central frequency of 200 MHz, is shown in Fig. 5(b) .
As shown in Fig. 5(a) , the phase noise of the beat note at 1 MHz decreases linearly from −105.2 dBc/Hz to −100.5 dBc/Hz as the fiber length increases from 2 m to 7 m. In addition, the phase noise at 10 kHz remains at an average level of −79 dBc/Hz. The experimental results agree well with the findings shown in Fig. 2(b) . For example, as shown in Fig. 2(b) , the phase noise at 10 kHz remains at −83 dBc/Hz as the fiber length increases from 2 m to 7 m. A comparison between Figs. 2(b) and 5(a) shows that the experimental results are slightly higher than the predictions, e.g., −102.5 dBc/Hz vs. −107 dBc/Hz. This difference occurs because the beat note in the experiment is influenced by other noise, such as thermal noise and shot noise. By simulating and measuring the power spectral density of the dual-frequency laser beat note, as shown in Fig. 5(b) , the linewidth of the simulation is as narrow as the measurement, which is limited by an instrument linewidth of 10 Hz. Besides compared with the simulation results, the measured curve shows some dips with about 1.5 kHz spacing. And the dips are caused by the intensity noise of the AOFS.
Range Measurement
Dual-frequency laser radar benefits from both the beat note phase-shift range and the Doppler phase-shift detection to obtain the distance and velocity of the target. Here, we focus on the range detection of outdoor targets and consider the conversion from different sources of noise to range resolution. The phase jitter deviation is obtained by integrating the phase spectral density calculated in (15) . The phase jitter deviation is defined by (18) where S θ (v) is calculated in (15) . The lower and upper frequencies of the integral in (18) are set to 10 Hz and 1 MHz, respectively. The phase jitter of the dual-frequency laser beat note, given by (18) , is plotted in Fig. 6 . The phase jitter in Fig. 6(a) is plotted for an AOFS linewidth of 1 Hz. We can conclude from this figure that the dependence of the phase jitter on the fiber length becomes stronger as the laser linewidth increases. For a given laser linewidth, the phase jitter decreases as the fiber length increases. The phase jitter is plotted in Fig. 6(b) as a function of the AOFS linewidth for a fiber length of 2 m and a laser linewidth of 2 kHz. As shown in this figure, the phase jitter increases rapidly with AOFS linewidth.
The transmitter of the dual-frequency laser phase-shift range finder has a laser linewidth of 2 kHz, an AOFS linewidth of 1 Hz and a delay fiber length of 2 m. The target consists of a 20 cm × 20 cm aluminum plate mounted on a 2-m-long electric translation stage and can move toward or away from the laser. The distance between the target and transceiver is approximately 200 m. To determine the distance resolution, we initially calibrate the distance to 200 m and then move 0.1 m towards the laser 5 times. In the simulation results displayed in Fig. 6(a) 
Conclusion
In conclusion, we studied the effect of laser phase noise and AOFS noise in a dual-frequency laser phase-shift range finder. General expressions were presented for the power spectral density and phase spectral density of the beat note. From the simulations, we conclude that high AOFS noise introduces a much greater phase jitter into the beat note noise conversion. Moreover, we analyzed the effect of laser phase noise, AOFS noise and fiber length on the distance resolution of the dual-frequency laser phase-shift range finder. The presented theory provides a tool to reduce the noise of a dual-frequency laser phase-shift range finder by a suitable choice of system parameters.
